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Abstract: In this paper, a Cable-Driven Parallel Robot developed to automate repetitive and essential
tasks in crop production in greenhouse and urban garden environments is introduced. The robot has
a suspended configuration with five degrees-of-freedom, composed of a fixed platform (frame) and a
moving platform known as the end-effector. To generate its movements and operations, eight cables
are used, which move through eight pulley systems and are controlled by four winches. In addition,
the robot is equipped with a seedbed that houses potted plants. Unlike conventional suspended cable
robots, this robot incorporates four moving pulley systems in the frame, which significantly increases
its workspace. The development of this type of robot requires precise control of the end-effector
pose, which includes both the position and orientation of the robot extremity. To achieve this control,
analysis is performed in two fundamental aspects: kinematic analysis and dynamic analysis. In
addition, an analysis of the effective workspace of the robot is carried out, taking into account the
distribution of tensions in the cables. The aim of this analysis is to verify the increase of the working
area, which is useful to cover a larger crop area. The robot has been validated through simulations,
where possible trajectories that the robot could follow depending on the tasks to be performed in
the crop are presented. This work supports the feasibility of using this type of robotic systems
to automate specific agricultural processes, such as sowing, irrigation, and crop inspection. This
contribution aims to improve crop quality, reduce the consumption of critical resources such as water
and fertilizers, and establish them as technological tools in the field of modern agriculture.

Keywords: parallel cable-driven robot (CDPR); wrench-feasible workspace (WFW); agricultural
automation

1. Introduction

In recent years, cable-driven parallel robots (CDPRs) have attracted significant interest
in the robotics community, noted for their payload capability, lightweight design, high
speed, and applications in large workspaces [1]. However, these robots present significant
disadvantages in accuracy [2], difficulty of dynamic control implementation, [3,4] and their
limited workspace [5,6]. These constraints are linked to the need to keep the cables at
maximum tension, meaning that the cable tension must be within an allowable force range,
a fundamental condition for optimizing the robot’s workspace. Although CDPRs offer
greater ease of stability compared to solid link-based designs, thanks to the implementation
of cables, they are constrained by the impossibility for the end-effector to fully occupy the
region of interest [1]. The challenge is to optimize cable stiffness to improve the workspace
of these robots by overcoming the limitations of cable tension. This limited workspace
occupancy with regards to the frame size depends on the maximum and minimum tension
allowed by the cables. In many practical cases, the workspace can be only between 40-70%
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of the frame size, which results a strong limitation for industrial application [7]. Extensive
research has proposed ingenious solutions to develop methods to extend the workspace
of these robots. Some authors are trying to increase the workspace by adding passive car-
riages [8] or using single cable loops [7]. These approaches notoriously increase the feasible
workspace but use additional mechanical elements such as large linear guides, which are
not always applicable. Other authors increase the number of cables required (e.g., [9,10]).
This solution results in a scheme with too many constraints, which requires additional
actuators to control all the cables. Others propose using variable radius pulleys [11,12].
This increases the effective radius of the pulleys when high torque is required to reach some
regions of the workspace. An effective solution is to reconfigure the distal anchor points
of the robot. This solution results in a fully-constrained configuration, which can be more
easily controlled compared to over-constrained schemes [13-15].

However, maintaining the operation of these robots at maximum tensions is essential,
as it ensures structural stability and prevents undesirable oscillations and vibrations. This
feature, vital to their accuracy and performance, results in precise execution of crucial tasks,
such as seeding, harvesting and maintenance, fundamental aspects in agriculture.

This paper proposes an innovative design that improves the stiffness and workspace
of a spacial CDPR for agricultural applications, focusing on the coordinated reconfiguration
of the distal anchor points and an additional movement of the frame pulleys.

Adopting this configuration introduces a linear displacement of the pulley system,
enabling precise execution of specific trajectories by increasing the tension on the cables [16].
This approach, supported by rigorous scientific foundations, offers a promising prospect for
agricultural automation in large spaces, precision and robot payload capacity, facilitating
different processes such as seeding, irrigation and harvesting.

In addition, this proposal includes a vision system with two objectives: (a) to be used
to capture the end-effector pose and to act as a position control supervisor [17] and (b) to
acquire images of the plant for in future works to detect the state of farming.

The article is organized as follows: Section 2 describes the proposed reconfigurable
scheme and describes the workspace gain. Section 3 presents the kinematic and dynamic
model of the system. Section 4 details the simulated and preliminary experimental results
to validate the feasibility of the proposal for automated greenhouse operations. Finally,
Section 5 summarizes the main conclusions of the work and the future work to be developed
to continue with this line of research.

2. System Description

Cable-Driven Parallel Robots can be designed for both planar [18] and spatial config-
urations [19]. Depending on the number of cables and degrees-of-freedom of the mobile
platform, these robots can have different configurations. The degrees-of-freedom in these
robots determine the motion patterns of the end-effector, i.e., the positions and orientations
of the end-effector within the workspace. This classifies CDPRs as restricted [20], under-
constrained [21], or fully-constrained [22]. Furthermore, when all components are vertical
or opposing gravity force in the cables, the configuration is called suspended [23].

The suspended configuration is achieved by keeping the cables under tension, dis-
tributed throughout the system to provide three-dimensional mobility to the end-effector.
This suspended configuration offers greater flexibility and mobility by enabling movement
in three-dimensional space. However, as mentioned earlier, the inability to ensure cable
rigidity limits the workspace of the robot, as depicted in Figure 1, where a cable robot is
suspended and its workspace are illustrated (see [24,25] for more details).

In this scheme, each pair of cables (coloured in red, green, blue and orange, respec-
tively) are commanded by a motor. In this sense, the end-effector pose can be commanded
by four motors, one for each pair of cables. As both cables of one motor remain parallel,
the rotation of the end-effector is constrained in the horizontal plane and only its rotation
over the vertical axis is allowed. In this way, four motors can command the four degrees-of-
freedom of the end-effector. The scheme in Figure 1a was previously proposed in [24] and
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presents several advantages, such as the square form of the structural matrix of the robot
(see more details in [24,26]).

frame

proximal .
anchor 4
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effector

(a) Suspended CDPR: Each pair of (b) Workspace form: Reduction of
cable (same colour) is commanded the cross section when end-effector
by an actuator pose is verticaly low

Figure 1. (a) Scheme and (b) workspace of suspended CDPR configuration.

Nevertheless, this novel configuration presented in [22] has a limited workspace and
the reachable points of the end-effector are notoriously reduced when the end-effector is in
the lower region of the frame (see Figure 2).

Reduction of the cross
section of the workspace
when the end-effector
pose decrease

Figure 2. Cross-section reduction of the suspended CDPR presented in [24].

On the other hand, the automated tasks in crop production in a greenhouse requires a
system with at least three translational degrees-of-freedom in a three-dimensional space.
If the scheme in Figure 1 is used for agricultural automation, the required frame size
should be much bigger than the terrain to be automated. Accordingly, the proposal of this
paper modifies the scheme of Figure 1, adding a new degree-of-freedom that is able to
synchronously move all the proximal anchor points (e.g., [27]). This allows the scheme to be
applied to automated farming. Figure 3 represents this scheme together with its workspace.

This new degree-of-freedom allows for dynamically adjusting the position of the
proximal anchor points of the robot, as shown in Figure 3a, allowing the movement of
the end-effector in the area of highest tension of the cables. By keeping the robot at the
maximum tensions or through this modification, we ensure greater stiffness, stability and a
larger area of workspace (see Figure 3b), improving the robot’s accuracy and efficiency in
interacting with the plants.

This strategy of keeping the robot at maximum tensions ensures not only greater
control over its behavior and positioning, but also expands its effective workspace. The
combination of an adaptable suspended configuration and the optimization of tensions by
modifying the proximal anchor points will result in a highly efficient and accurate robot for
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agricultural applications in greenhouses. This design, supported by established principles
of parallel robotics, is specifically adapted to improve interaction with the plants as they
grow and with other greenhouse components, promoting automation and efficiency in the
agricultural environment, see Figure 4.
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(a) Reconfigurable CDPR (b) New workspace form
Figure 3. (a) Scheme and (b) workspace of suspended CDPR with mobile pulleys system in frame.
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Figure 4. Experimental setup of the cable robot AgroCableBot with eight cables.

The following sections detail the kinematic and dynamic models of the system for the
simulated results.

3. Mathematical Model

The notation used for the mathematical formulation is shown in Figures 5 and 6. The
dimensions of the frame are denoted by L x W x H, while the dimensions of the end-
effector are [ x w x h. The tension in each pair of cables i is decomposed into T; = T;;, + Tjy,
where Tj, (upper cable) and T;; (lower cable) for i = 1, ..., 4, and the length of each cable is
L;. The coordinates of the end-effector are expressed as q. = [X¢, Ve, Ze, (5]T. The mass and
rotational moment of inertia are m, and I,, respectively.
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(b) Top view
Figure 6. (a) Front and (b) top view of schematic of AgroCableBot robot. Green cables correspond to
the upper ones and red cables to the lower ones.

The joint coordinates are expressed as g, = [x1, a2, &3, M}T, where « represents the
joint coordinate of motor i. The angles that determine the cable direction 7 are referred to
as ¢; and 6;, as shown in Figure 6. Since the anchor points on the frame are denoted as
Fi = [xfi, Yfi 2fi T, and the anchor point on the end-effector as E; = [X,;, Yei, Zei] |, where z fi
depends on z, representing the height of the pulley system’s anchor point on the frame, it
adds an additional degree-of-freedom for robot reconfiguration.
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3.1. Kinematics and Statics

Inverse kinematics enables the determination of joint coordinates, denoted as g,, for a
given end-effector position and orientation, q., as well as a specified height for the proximal
anchor point, z,. This inverse kinematics is necessary when implementing position control
in the robot’s joint space. The expression for inverse kinematics, denoted as ¢'X, can be
formulated as follows:

0w = "% (qe,2p) )

Considering the initial cable lengths, denoted as L;, (i = 1, ..., 4), those associated with
an arbitrary initial position of the end-effector without rotation, g, = [Xe,, Ye,, Ze,, 0], and
their respective distal anchor points, g, = [Xeiys Yeiys Zeiys O] T, the initial length of cable i can
be expressed as follows:

Liy = |IFi — Egpl2 @

On the other hand, for an arbitrary end-effector position, the length of the cables is as
follows:

Li = || — Eill2 ®

Therefore, the necessary joint coordinates for a given end-effector position are

1
& = ;(Li —Liy) 4)
The complete expression of the inverse kinematics, ¢'X, can be formulated as follows:

1
't =+ (AL) 5)
where =+ is determined if the positive rotation of the motors implies an increase (+) or
decrease (—) in the length of the cables and AL = [Ly — Ly, L — Ly, L3 — L3, Ly — Ls 7,
the expression (5) is a simple equation that determines the inverse kinematics of the robot.

On the other hand, the statics of the robot is determined by the force/torque balance

of the end-effector (see e.g., [1]):

AT(ge,zp) T+ W, =0 (6)
where:
T _ ul M4
A= R(O)by xuy .. Ru(8)by x g @

where AT is the structure matrix, which is the transpose of the Jacobian matrix, T is
the stress vector T = [Ty, T», T3, T4]T and W, are the external forces applied to the end-
effector W, = [0,0, —m1, - g, O}T. The definition of the structure matrix uses the unit vectors
containing the direction of the cables:

®)

and the rotation matrix in the z-axis:

0
R;(6) = | sin(d) cos(d) O )
1
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3.2. Dynamics Model

The dynamic model of the robot can be determined by formulating the dynamics equa-
tion of the end-effector and the actuators. The proposal here is based on the reconfiguration
of the proximal anchor points, which yields to high tension values in all cables. In addition,
the mass of the end-effector is much bigger than the mass of the cables and the dynamic
model can be therefore developed under the assumption of mass-less and rigid cables.

In regard to the actuators (comprising DC motor + gearbox + drum), the rotor inertia
of motor 7 is denoted as J;, and the friction coefficient as v; (see Figure 7).

Free rotation

== Cable 1
== Cable 2

Motor/drumangle

Figure 7. Dynamic model of AgroCableBot winch with inertial parameters.

The dynamics of the actuators can be expressed as

Jo+va+r1rT=7 (10)
and the end-effector by

Mie = AT(ge,zp) T + W, (11)

where

me 0 0 0
o m 0 o0
M=1"0 0 m o 12)

0 0 0 I
By combining both equations, the resulting dynamic model of CDPR is

Ji + v + r(AT) Y (Mge — we) = T (13)

where, T represents torque, | stands for the motor’s moment of inertia, v denotes the
motor’s viscous friction coefficient, r represents the spool radius, and T; corresponds to the
tensions in each pair of cables.
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The dynamic model (13) is expressed in joint coordinates & and can be directly applied
for simulating the proposed CDPR and validating the control scheme for the end-effector
position.

4. Simulation Results

In this section, simulated results obtained for a small prototype of the presented robot,
whose specifications are summarized in Table 1, are presented. For the electro-mechanical
part Maxon RE40 DC motors are used to directly drive the winches, with 26:1 gearboxes.
The parameters of the actuators shown in Table 1 have been experimentally obtained by
identifying their transfer function using their speed step responses [28]. Additionally,
Dyneema fiber cable with a diameter of 0.66 mm and drums with an effective diameter of
40.10 mm are employed.

Table 1. Parameters of the AgroCableBot robot.

Parameter Value Unit

Frame (fixed platform)

Length, L 1.2 m
Width, W 1.2 m
Height, H 1.2 m
End-Effector (mobile platform)
Length, I 0.2 m
Width, w 0.2 m
Height, h 0.1 m
Mass, m 5 kg
Rotational Inertia, I, 14.36 -1073 kg -m?
Cable and drum
Cable diameter 0.66 mm
Type of cable Dyneema, SS250G-1500 -
Drum effective radius, r 40.10 mm
Actuators
Rotational Inertia, | 2.30-1074 kg -m?
Viscous friction coefficient, v 1.45-1072 N-ms
Gear transmission, n 26:1 -

It should be pointed out that although some cable characteristics are presented in
Table 1, the dynamic model of the cables is not developed as they are considered massless
and inextensible (see [29]). The following subsections first present an analysis of the
workspace according to the distribution of the robot cable forces. Subsequently, the dynamic
model with kinematic control is simulated to demonstrate the viability of the proposal. The
simulations are performed in Matlab® and Simulink®, using the kinematic and dynamic
models obtained, and the parameters summarized in Table 1.

4.1. Workspace Analysis and Force Distributions

The tension distribution in CDPRs is a critical aspect, influencing various facets such
as system equilibrium, workspace delineation, system rigidity, path control, and controller
design. In tackling this issue, numerous mathematical methods and algorithms have been
devised to compute cable tension distribution. One such approach is linear programming,
wherein the optimal tension distribution is sought by minimizing the sum of tension forces,
subject to specific constraints [30-32].

Another technique is non-linear programming, providing continuous tension distri-
bution solutions along the joint trajectory. This employs programming with a quadratic
objective function, facilitating continuous root force solutions and flexibility in the out-
comes [33,34]. Moreover, closed-form methods have been developed to compute real-time
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tension distribution, optimizing the distance from the solution to a reference vector. These
methods offer the advantage of reducing computation time while ensuring the continuity
of the cables’ tension during continuous motion trajectories [35,36].

This method, known as Wrench-Feasible Workspace (WFW) [37,38], is defined as the
set of end-effector poses where, for any external force applied to the end-effector, there exist
positive tensions in the cables that maintain the end-effector in static equilibrium [39]. This
definition emphasizes the importance of keeping the cables tense throughout the robot’s
maneuvers, which is fundamental to its performance.

The robot workspace was obtained by solving the minimization problem in Equation (14)
through static analysis based on a free-body diagram applied to the end-effector (see
Figures 5 and 6). To acheive this, if the values of T; are between the minimum and maxi-
mum forces, T,,;, and Ty, the position of the end-effector used is considered part of the
viable workspace. AT(ge, z,) is calculated using the end-effector position g, and the height
of the frame’s pulley systems, z,. Tensions are obtained using the pseudo-inverse of AT,
which is the robot’s structure matrix.

min HT - Tref”
subject to:
AT(qg/Zp)T +w, =0
Tinin < T < Tnax

(14)

where T, is an arbitrary tension value within the tension range [Toins Tmax)-

Next, the volume changes in the robot workspace in the suspended-conventional
configuration are presented. This considers the dimensions of the frame and end-effector
(length, height, width), the weight of the end-effector, motor torque, drum diameter, and
the minimum and maximum cable forces for calculating Equation (14) were determined
to be between 10-1000 N. The closed workspace Wrench-Closure Workspace (WCW) was
determined for a T,,;, of 0 N, resulting in a working percentage of around 88%. Additionally,
the Wrench-Feasible Workspace (WFW) was calculated for different minimum allowable
tension values, as illustrated in Figure 8.

02 : |l wrw

(= 14%), Tynin = 20N

04 . = e m wEW(
* ’ (

(

Q

35%), Tnin = 10N
mm WEW
Bl wew

Q

)
)
58%), Tin = 5N
~ 88%), Tynin = ON

04

0
-0.2

z [m] '0‘670.4 v [m]
Figure 8. Comparison of the workspace of AgroCableBot computed with pseudo-inverse method for
Tpwin = {0,5,10,20} N.

Taking the workspace of the robot in the conventional suspended configuration (fixed
pulley system) with a permitted T,,;,, of 5 N as an example, characterized by its shape
resembling an inverted cone (see Figure 9a), limiting within the defined tension range.
The workspace reduces as the end-effector descends along the z-axis (around 58%). It is
noticeable how cable tension is higher at the upper part of the workspace, the region with
the highest cable tension (see Figure 9b).
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Considering the simulation results of the conventional suspended robot, the robot
has a larger flat area in workspace and stability when the cable stiffness is ensured (see
Figure 10). With the movable proximal anchor points along the z-axis, a feasible workspace
volume of 100% is obtained. The new workspace and tension distribution are shown in
Figure 11.

100

 [m]
(a) Suspended workspace (b) Tensions distribution

Figure 9. (a) Workspace and (b) tensions distribution with T,,;;, = 5 N of Suspended CDPR.

0z
02

 [m]

(a)z=—0.06m (b)z=—-0.60m (c)z=-1.10m
Figure 10. Tensions distributions in different height, z = —0.05, —0.60, —1.10 m, of suspended CDPR.

p

04
04 06 Yy

02

2 [m]

-04 0.4
0.4 06 y [m] ¢ [m] 04 06 y [m]

(a) New workspace (b) Tensions distribution

Figure 11. (a) Workspace and (b) tensions distribution with T,;;, = 5 N of robot AgroCableBot with
mobile pulley system in the frame.

4.2. Control Scheme and Trajectories Generator

The control of the end-effector positioning can be performed in Cartesian coordinates
ge = [Xe,Ye, 2e,6]" or in the joint coordinates a; = [a1, &, a3, a4]T of the robot. The control
scheme must allow the position and orientation of the end-effector g, to follow a desired
trajectory g, while maintaining cable tension within the allowed range [Tyin, Tinax]-
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The AgroCableBot robot is controlled on the joint coordinates, «;, as shown in the
feedback loop of the control scheme in Figure 12. Inverse kinematics is used to generate the
joint coordinate references, &} = (], %, a3, ;] T, The controller block consists of a 4 x 4
diagonal array, with four controllers, each with a single input and a single output, tuned
for each motor (see [40] for more details).

A supervisor feedback loop is used to estimate the position of the end-effector, §,,
through a computer vision system. This allows for estimating joint coordinates, &;, and
correcting positioning errors with the reference values calculated using inverse kinematics.
In addition, this vision system allows for calibrating the end-effector at the home position
(see [17,41] for more details).

*
(e e Ti
q * Inverse b /) * Controller v Dynamic model ge
€ Kinematic T\/ (AgroCableBot) a
- 1

Figure 12. Kinematic control for robot AbroCableBot.

For trajectory generation, temporal profiles with continuous and differentiable polyno-
mials (cubic Bezier-splines) are used, allowing the calculation of velocity and acceleration
at any point on the curve. This way, given the smoothness of the trajectory, there are no
abrupt changes in motor acceleration or discontinuities in their rotation.

Figure 13 presents a square trajectory generated with a suspended (see Figure 13a)
and reconfigured (see Figure 13b) CDPR configuration. This simulation is performed to
compare the distribution of tensions in the cables during the generation of the trajectory.
The trajectory was chosen so that the robot moves in different regions of the workspace.

0.2 0.2

0.4 0.4
% 0.6 - 4\/7 %-0_6 1ﬁ ;

08" 08

Rl — | -1 ]
06 04 02§ o ” - 0 08 04 02 5o ” s 0
z [m] y [m] x [m] y [m]

(a) Suspended CDPR (b) Reconfigurable CDPR

Figure 13. Generation of a square trajectory (in red) with (a) Suspended and (b) Reconfigurable
CDPR. Blue points are the proximal anchor points and black ones the distal anchor points.

Figures 14 and 15 compares the simulation results of the conventional scheme and the
reconfigurable one when the end-effector describes a square trajectory. Note that although
the cartesian trajectories are similar (Figures 14a and 15a) the resulting cable tensions are
quite different (Figures 14b and 15b). In the conventional scheme (non reconfigurable), the
tension remains in the range [10-50] N and in the reconfigurable scheme, in [50-260] N.
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In Figure 16, a schematic of two possible trajectories is shown to cover all rows of a
seedbed with 81 pots arranged in a 9 x 9 matrix, spaced 100 mm from center to center. To
do this, the end effector must start from its initial position and execute linear trajectories.
In Figures 17 and 18, the behavior of the robot trajectory components and the angles («;) of
the motors when generating the trajectory can be observed.

—Cable 1||
—Cable 2
—Cable 3|

Cable 4]|

,ym] , 2 [m]
Tensions [N]

x [m]

08r z [m] wr 1
—2 [m]
511 s 1

o 100 200 300 400 500 600 700 800 - " Time 8]
time ¢ [s]

(a) XYZ Components (b) Tensions of cables

Figure 14. Simulation of tracking move of a square trajectory with a suspended CDPR.

Tensions [N]

—Cable 1]
—Cable 2
—Cable 3
Cable 4]

o 100 200 300 400 500 600 70 500
Time ¢ [s]

(a) XYZ Components (b) Tensions of cables

Figure 15. Simulation of tracking move of a square trajectory with a reconfigurable CDPR.
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(a) Inspection trajectory (b) Seeding trajectory

Figure 16. Upper view of the simulation of tracking of AgroCableBot Robot. Blue lines are the planar
trajectories for inspection and seeding tasks.
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Figure 17. Generation of trajectory for inspection of seedlings in seedbeds.
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(a) XYZ components (b) Motors angles («;)
Figure 18. Tracking move of AgroCableBot Robot.

In Figure 19, a trajectory is presented where the end-effector not only positions itself
at a particular seedling but also performs a movement along the z-axis to perform tasks
such as seeding, spraying, fertilizer application, among others. In Figure 20, the behavior
of the robot’s position and motor angles in the generation of trajectories that fulfill specific
tasks is shown.

v [m)
.

=

06 04 02 [ 02 04

2 [m]

(a) 3d View (offset z-axis = —0.50 m) (b) Top View

Figure 19. Generation of trajectory for seeding of seedlings in seedbeds.
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Figure 20. Tracking move of AgroCableBot Robot.

5. Conclusions

Suspended cable-driven parallel robots face a problem of instability and loss of tension
in the cables due to their own configuration, which leads to errors in positioning and loss
of workspace. To solve this problem, several studies have exploited various alternatives
such as the incorporation of springs and the addition of more cables. In this work, it is
proposed to give a synchronous translation motion to the pulley systems of the proximal
anchor points of the robot along the z-axis, thus adding a new degree of freedom without
losing the four degrees-of-freedom due to its configuration. This is an effective strategy to
ensure tension distribution in the cables, obtain greater stability of motion of the mobile
platform and guarantee a larger wrench-feasible workspace.

This proposed cable-driven robot configuration enhances the feasibility of utilizing
them for greenhouse and urban garden automation, improving processes such as planting,
spraying, and applying nutrients necessary for optimal plant growth. The key advantages
lie in a system that efficiently carries out repetitive tasks with high precision, coupled with
a design that prioritizes simplicity without compromising robustness. This enhancement
further amplifies the merits and benefits of this robot type for agricultural applications. It
not only facilitates the movement of the end-effector along the z-axis but also allows the
pulley system to move along the z-axis as the plants grow.

As a perspective of this work, a first prototype of the AgroCableBot robot is being
developed with experimental tests for end-effector calibration, trajectory generation and
validation of the workspace with processes such as planting, irrigation and monitoring in a
real crop.
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